The intracellular calcium ([Ca 2þ ] i ) response induced by external forces can be diverse and complex. Using primary osteoblasts from Wistar rats, we found multiple patterns of [Ca 2þ ] i responses induced by fluidic shear stress (Fss), including homogeneous non-oscillation and heterogeneous oscillations. These multiple-patterned [Ca 2þ ] i responses could be influenced by Fss intensity, cell density, and cell differentiation. Our real-time measurements with free calcium, ATP, ATP without calcium, suramin, apyrase, and thapsigargin confirmed homogeneous [Ca 2þ ] i patterns and/or heterogeneous [Ca 2þ ] i oscillations with respect to the combined degree of external Ca 2þ influx, and intracellular Ca 2þ release. Our theoretical model supported diverse Fss-induced calcium activities as well. We concluded that a singular factor of Ca 2þ influx or release dominated to produce smooth homogeneous patterns, but combined factors produced oscillatory heterogeneous patterns. ß
] i ) signaling play pivotal roles in cellular responses to circumambient biochemical and physical stimuli, regulating numerous physiological processes. 1, 2 Calcium signaling can be transient, oscillatory, or sustained in pattern. 3 The specific spatiotemporal information of different [Ca 2þ ] i patterns can targeted and modulate downstream activities, 4, 5 including gene expression, 6 transcription factor activation, [7] [8] [9] and enzyme activation. 10, 11 Thus, calcium patterns contribute to significant biological effects of environmental factors.
Mechanical stimuli are essential for bone formation by modulating osteoblast proliferation and differentiation. 12, 13 Fluidic shear stress can mechanically change osteoblast function 14 through [Ca 2þ ] i responses during mechanotransduction. 15 Inhibition studies of Fss-induced [Ca 2þ ] i signals suggest that [Ca 2þ ] i influences downstream physiological events such as cytoskeletal deformation, 16 NO release, 17 and gene expression. 18 Increasing evidence from Fss-induced [Ca 2þ ] i responses in osteoblasts suggest that patterns of Fss-induced [Ca 2þ ] i responses are not well understood. Nonoscillatory and oscillatory [Ca 2þ ] i patterns have been documented in studies with Fss-stimulated osteoblasts [19] [20] [21] [22] [23] [24] [25] and similar phenomena were reported in osteocytes 26 and endothelial cells. 27 Therefore, understanding [Ca 2þ ] i signaling patterns and the underlying mechanism is necessary.
Recently experimental and theoretical attempts to elucidate mechanisms of different [Ca 2þ ] i patterns [28] [29] [30] [31] [32] [33] restoration. Ca 2þ release from ER stores is thought to contribute to [Ca 2þ ] i oscillations via IP 3 receptor pathways, 34 and Ca 2þ influx is also essential for [Ca 2þ ] i oscillations. 35 To explain Fss-induced [Ca 2þ ] i signals, two mechanisms are proposed 28, [30] [31] [32] [33] -a direct mechanism by Fss-activated Ca 2þ channels, 28 such as stretch-sensitive cation channels of the TRPV family, which can result in rapid Ca 2þ influx, or an indirect mechanism, in which Ca 2þ influx and ER Ca 2þ release are activated by Fss-induced ATP. [30] [31] [32] ATP-gated channels of P2X receptors and ATP-triggered Ca 2þ release by the P2Y/IP 3 pathway are crucial for this indirect mechanism. 36 Two families of ATP receptors (P2X and P2Y) are highly expressed in non-excited cells, including
In this work, we studied the diversity of Fssinduced [Ca 2þ ] i patterns using real-time measurements with a biomimetic microfluidic Fss chip. [Ca 2þ ] i patterns obtained were identified by controlling Fss intensity, cell density, cell differentiation, and by using pharmacological agents. Data were used to build a theoretical model for our empirical observations.
MATERIALS AND METHODS

Ethics Statement
The protocol for animal experiments was in accordance with the Guide for the Care and Use of Laboratory Animals (the Guide, NRC 2011), and was approved by the Institutional Animal Care and Use Committee at Nankai University (Approval ID 201009080081).
Microfluidic Chip Fabrication
Microfluidic chip fabrication was performed as previously described. 22 Briefly, the chip was fabricated with polydimethyl siloxane (PDMS), a glass coverslip, and a designed SU-8 mold. A mixture of PDMS prepolymer and its curing agent (Sylgard 184, Dow Corning, CITY, STATE) was prepared at weight ratio of 10:1, degassed of air bubbles with a vacuum, and poured onto the designed SU-8 master. Liquid PDMS was cured at 80˚C for 1 h. The PDMS piece was removed from the wafer mold with ports punched through. Coverslips (50 mm Â 30 mm Â 0.1 mm) were cleaned with ultrasound with acetone and ethanol for 30 min. The PDMS piece and coverslips were bound after treatment for 9-40 s. Microfluidic chips were sterilized with UV light before use.
Cell Isolation and Culture in Microfluidic Chamber
Osteoblasts were isolated from calvaria of 1-3-day-old Wistar rats as previously described. 22 Briefly, osteoblasts were cultured in RPMI 1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA) supplemented with 15% FBS (Lanzhou National Hyclone Bio-engineering Co., Ltd., China) and 1% penicillin þ streptomycin (Gibco). The primary osteoblasts were identified successfully by Alizarin red S histochemical staining (2% Alizarin red S, pH 7.4) (Sigma-Aldrich Co., St. Louis, MO) with red-colored bone nodule formation. Cell suspension was prepared (1.0 Â 10 6 cells/ml) using osteoblasts of passages 2-6, and cells were slowly perfused into a microfluidic chip through a 1-ml syringe. The chip was mounted in a petri dish and incubated in a 37˚C incubator for 12 h to allow attachment.
Calcium Imaging
For [Ca 2þ ] i imaging, Fluo-3 AM (Invitrogen Co., Eugene, OR) was used as calcium probe. Cells on a chip were stained with 5 mM Fluo-3 AM for 30 min at 37˚C, and then de-esterifed in HBSS buffer (8.182 g/l NaCl, 0.374 g/l KCl, 0.111 g/l CaCl 2 , 0.203 g/l MgCl 2 Á 6H 2 O, 2.383 g/l HEPES, 1.983 g/l glucose, pH 7.4) for another 30 min. The imaging technique used was described previously. 22 An inverted fluorescent microscope (Carl Zeiss, Germany) equipped with a DU-897D-CS0-BV CCD system (Andor, London, UK) were applied for real-time fluorescent imaging. A filter set with an excitation filter (487 nm), dichroic mirror (505 nm), emission filter (530 nm), and a Fluor 40Â/1.30 oil immersion objective lens was used. Each frame was captured every 2 s and fluorescent intensity of individual cells were analyzed using MetaMorph 7.1 software (Universal Imaging Corp., Downingtown, PA). Fluorescent intensity values for [Ca 2þ ] i are normalized using an average initial value before Fss stimulation.
Shear Stress Stimulation
Shear stress was generated using a microfluidic Fss system (Fig. 1) . HBSS buffer was used for flow media, and the flow rate was controlled with a peristaltic pump (BT00-300M-YZ1515X, Baoding Longer Precision Pump Co., Ltd., Hebei, China), to produce an applied Fss in microfluidic chambers. In our previous work, 22 
Where, a IP3 and c IP3 are a basal rate of IP 3 production and degradation, while b IP3 represents IP 3 production associated with P2Y pathway activation by ATP, and
Þ is the proportion of bounding receptors of P2Y. The calcium current through ATP-gated channels of P2X can be written as J ATP ion ¼ a ionic ½Ca 2þ EX ½ATP. 32 [ATP] is extracellular ATP concentration and a ionic is a constant, which represent P2X expression.
For stretch-gated channels, calcium influx through the channels is controlled by applied Fss t w by equation 31, 33 of
Þ
, where q in:max is the maximum of ion flux through the channels, 1 1þa is the fraction of channel in open state with zero-load, k is Boltzmann constant, T e is the absolute temperature, N is area density of channels in a cell. Wðt v Þ is strain energy density yielded by deformation of cell membrane when Fss is applied, which is expressed in a form
where, e is the fraction borne of cell membrane, d is shear modulus of cell membrane, l is cell length, and f e is the fraction of energy within membrane which open stretch-gated channels. The other detailed equations and parameters (Supplementary Table S1 ) in our model are described in supplemental materials.
RESULTS
The 
MULTIPLE CALCIUM PATTERNS UNDER FLOW
with three distinct phases: (i) an early peak phase; (ii) followed by a plateau phase; and (iii) finally, a recovery phase once flow stopped. In Figure 2B , when cells were exposed to three Fss pulses with short intervals (duration of pulse: 20 s and an interval of pulse: 3 min), [ ] i patterns and related temporal information from osteoblast-like cells as shown in Figure 4 . Applied Fss was set at 0.1 Pa. Besides homogenous patterns with a single peak ( Fig. 2A) , heterogeneous calcium signals emerged in two classic oscillatory patterns. Four representative cells in Figure 4A ] i oscillation is a combined pattern of oscillating peaks and a smooth peakplateau, as shown in Figure 4B , and distribution of oscillating peaks at the plateau were different for each cell (Supplementary Video 3) .
The temporal characteristics of heterogeneous [Ca 2þ ] i activity were analyzed and data appear in Figure 4C -F. Figure 4C Figure 4E and F illustrate comparisons of three classic patterns. At 0.1 Pa Fss, more than 80% percentage cells had oscillatory patterns, with 52.3% oscillations along the base line and 45.3% oscillations along the plateau (Fig. 4E) . Figure 4F shows that frequencies of oscillations at the plateau, concentrating in the range of 3-5 p/min, were higher than that of oscillations along the base line, mainly in the range of 1-3 p/min. Thus, the frequency range classified two different oscillatory patterns-perfect oscillations along baseline and oscillations at plateau phase.
Characteristics of Heterogeneous Patterns of Fss, Cell Density, and Cell Generation To explore factors influencing heterogeneous [Ca 2þ ] i patterns, we analyzed the diversity of [Ca 2þ ] i patterns quantitatively, for Fss intensity, cell density, and cell differentiation. Figure 5 shows Figure 6D . For apyrase and suramin groups, the multiple-patterned [Ca 2þ ] i responses were suppressed that the magnitude of [Ca 2þ ] i responses and oscillation patterns decreased (Fig. 6E and F) . Finally, TG-treatment group tended to yield a homogeneous pattern of single [Ca 2þ ] i peak, with a decreased peak value. ] i signals were characterized by amplitude and frequency distribution in Figure 7 . 3 were associated with cytosolic calcium release, while q max, in and a ionic controlled the calcium influxes corresponding to J stretch and J ATP ion . There were the additional adjusting factors of b 1 and b 2 in fitting frequencies of oscillation patterns. In our computation, q max, in , the maximum calcium influx by Fss-induced stretch-gated channels was set as a constant due to a fixed Fss of 0.1 Pa. According to our empirical results, six representative patterns were present, and by controlling the parameters to fit empirical results, we modeled six patterns as shown in Supplementary Figure. S1 and Table 1 .
Using our theoretical model, the roles of ATP and the ATP pathway and [Ca 2þ ] EX were predicted in Figure 8 and Table 2 . Oscillatory patterns built with low doses of ATP (10 mM). With increasing ATP concentration, oscillatory signaling patterns became smooth and homogenous (Fig. 8A) . When ER Ca 2þ was depleted J IP 3 ¼ 0 ð Þ , smooth homogeneous patterns, which resulted from calcium entry, were proportional to the intensity of Fss (Fig. 8B) . Inhibitions of ATP and the ATP pathway were tested in three different ways, J (Fig. 8C ). For [Ca 2þ ] EX ¼ 0, the role of ATP was limited to producing smooth homogeneous patterns (Fig. 8D) .
DISCUSSION
Controversies between peak-plateau pattern 39 Ã means significant difference at p < 0.05. Experiments were repeated at least three times and had similar results.
oscillations around baseline, with a specific frequency for each individual cell (Fig. 4A) ; (iii) combined [Ca 2þ ] i oscillations, with an original larger [Ca 2þ ] i peak and multiple small peaks around plateau phase, frequency of which was unique for each cell (Fig. 4B) . When Fss was terminated, subsequent [Ca 2þ ] i oscillations in some cells diminished immediately, while in other cells, oscillations continued at lower frequencies (Fig. 4C and D) . [Ca 2þ ] i responded to histamine and ATP in both oscillatory and peak-plateau patterns, and HEK293 cells had different patterns of [Ca 2þ ] i in a similar manner. 40 However, the causality of the multiple [Ca 2þ ] i patterns is still not clear. Without understanding of heterogeneous [Ca 2þ ] i mobilizations, the underlying mechanisms of calcium signals and downstream physiological events is limited.
Our results showed that [Ca 2þ ] i patterns were influenced by Fss intensity, cell density, and cell growth (Fig. 5) . Strong Fss enhanced homogeneous [Ca 2þ ] i signals with a peak-plateau pattern, whereas weak Fss yielded heterogeneous oscillations (Fig. 5A) . With Fss increased, [Ca 2þ ] i patterns changed from perfection oscillations, to combined oscillations at the plateau, and to homogeneous peak-plateau patterns. Biochemical stimuli could result in similar phenomena, suggesting that strong stimuli leaded to more non-oscillatory [Ca 2þ ] i increase while slight stimuli induced more [Ca 2þ ] i oscillations, such as in ATPstimulated Hela cells 40 and glutamate-stimulated astrocytes. 41 Cell density also contributed to [Ca 2þ ] i patterns that high cell density increased [Ca 2þ ] i oscillations in non-excitable cells. 40 Similar results were found in our study that high cell density upregulated more heterogeneous [Ca 2þ ] i oscillations in osteoblasts (Fig. 4B) , comparing with more homogeneous peak-plateau patterns in low-density cells. Ã indicate statistical significance of p < 0.05 with control group. Experiments were repeated at least three times and had similar results. Table 2. regulates Ca 2þ influx by ATP-gated channels (P2X), and b IP 3 ] i oscillation gradually and altered calcium patterns from perfect oscillations to oscillation at plateau, and finally to peak-plateau pattern, as shown in Supplementary Figure S1 . Thus, increasing of Ca 2þ entry can inhibit oscillations. With strong Fss stimuli, Ca 2þ influx increments by J stretch and J ion , diminish oscillation patterns and promote a peakplateau. Excessive increments of IP 3 with greater ATP and b IP3 ðP2YÞ also reduced oscillation patterns (Fig. 8A) . These modeling results corresponded with reduced oscillations patterns in our Fss increment experiments (Fig. 5A ), indicated that oscillation on plateau was a transient state when calcium pattern altered from oscillation to non-oscillation.
Furthermore, the dense cluster of cells showed oscillatory patterns instead of sparse cells (Fig. 5B) and the model assumption may explain this. It has been demonstrated that high cellular density can increase [Ca 2þ ] i oscillations by influencing protein expression, enzyme activation, and ER content. 40, 45 Previous work in various cell types indicates that mobilization of [Ca 2þ ] i patterns may be attributed to expression of calcium ion channels such as TRPV4, 46 P2 receptors, 27 as well as ER volume ratios. 40 The parameters of a ionic and b IP 3 reflect expression of P2X and P2Y. J stretch suggests expression of stretch-gated ion channels such as the TRPV family. Our modeling data in Table 1 showed that values of a ionic and b IP 3 controlled multiple patterns of [Ca 2þ ] i responses, and factors b 1 and b 2 modulated the influence of ER Ca 2þ signals on the global Ca 2þ signal, which regulated the frequency of Ca 2þ oscillations slightly. Moreover, Figure 8 showed modeling results of [Ca 2þ ] i patterns after agents' treatments, including extracellular ATP, ER depletion, ATP or ATP pathway blocking, and ATP without calcium ions. These parameters are depicted in Table 2 
